Chronic lymphocytic leukemia (CLL) is the most common human leukemia, and transgenic mouse studies indicate that activation of the T-cell leukemia/lymphoma 1 (TCL1) oncogene is a contributing event in the pathogenesis of the aggressive form of this disease. While studying the regulation of TCL1 expression, we identified the microRNA cluster miR-4521/3676 and discovered that these two microRNAs are associated with tRNA sequences and that this region can produce two small RNAs, members of a recently identified class of small noncoding RNAs, tRNA-derived small RNAs (tsRNAs). We further proved that miR-3676 and miR-4521 are tsRNAs using Northern blot analysis. We found that, like ts-3676, ts-4521 is down-regulated and mutated in CLL. Analysis of lung cancer samples revealed that both ts-3676 and ts-4521 are down-regulated and mutated in patient tumor samples. Because tsRNAs are similar in nature to piRNAs [P-element-induced wimpy testis (Piwi)-interacting small RNAs], we investigated whether ts-3676 and ts-4521 can interact with Piwi proteins and found these two tsRNAs in complexes containing Piwi-like protein 2 (PIWIL2). To determine whether other tsRNAs are involved in cancer, we generated a custom microarray chip containing 120 tsRNAs 16 bp or more in size. Microarray hybridization experiments revealed tsRNA signatures in CLL and lung cancer, indicating that, like microRNAs, tsRNAs may have an oncogenic and/or tumor-suppressor function in hematopoietic malignancies and solid tumors. Thus, our results show that tsRNAs are dysregulated in human cancer.
tsRNAs | ts-4521 | ts-3676 B -cell chronic lymphocytic leukemia (CLL) is the most common human leukemia, occurring as indolent or aggressive disease (1) . Aggressive CLLs usually show high levels of Zetachain-associated protein kinase 70 (ZAP-70) and unmutated Ig heavy-chain variable region genes (IgV H ), whereas indolent CLLs display low ZAP-70 expression and mutated IgV H genes (2) . We have shown that deletions and mutations in microRNA 15/16 (miR-15/16) cause the indolent form of CLL (3, 4) . To our knowledge, this was the first demonstration that alterations in noncoding genes can cause disease, including cancer (3, 4) . MicroRNAs have a very significant role in CLL. Although loss of miR-15/16 leads to the development of the indolent form of CLL (3) (4) (5) , loss of microRNAs targeting the T-cell leukemia/lymphoma 1 (TCL1) oncogene leads to the aggressive form (6, 7) . We also have shown that transgenic mice overexpressing TCL1 in B cells develop the aggressive form of CLL (8, 9) . Thus, expression of microRNAs can also serve as markers for CLL onset and progression (5, 10) . In addition to microRNAs, another class of small RNAs, P-elementinduced wimpy testis (Piwi)-interacting small RNAs (piRNAs), has been studied recently (11) (12) (13) . Although miRNAs are created through a double-stranded precursor molecule (12) , piRNAs biogenesis involves long single-stranded precursor molecules (11) . PiRNAs interact with Piwi proteins and appear to cooperate with DNA methyltransferases to affect methylation of genes, suggesting that Piwi/piRNAs complexes are global regulators of chromatin state (14, 15) . A few years ago, a new class of small RNAs was reported to derive from tRNAs as a consequence of tRNA processing (16) . tRNAs are transcribed from individual tRNA genes by RNA polymerase III. pre-tRNA transcripts are processed by several endonucleases producing mature tRNAs and additional small RNA molecules. The molecules produced from the 3′ end of pre-tRNAs by endonuclease RNase Z represent unique sequences starting exactly at the 3′ ends of tRNAs and ending at the sequence of four consecutive T nucleotides, a stop signal for RNA polymerase III (pol III) (12, 17, 18) . In this report we define unique molecules derived from the 3′ ends of pre-tRNAs as tRNA-derived small RNAs (tsRNAs, also known as "3′tRFs") (Fig. 1A) .
While studying the miR-4521/3676 cluster in CLL, we discovered that these two microRNAs are associated with tRNA sequences (Fig. 1B) . We identified miR-3676 as a powerful regulator of TCL1 expression, an important oncogene involved in the development of the aggressive CLLs, and demonstrated that miR-3676 targets three consecutive 28-bp repeats within the 3′ UTR of TCL1 (6). Because mature miR-3676 starts exactly at the end of tRNA-Thr (6) and ends at a transcription termination stop for RNA polymerase III, we could not exclude the possibility that miR-3676 represents a member of a recently identified class of small RNAs, tsRNAs, generated during tRNA processing (17, 19) . Here we report that miR-3676 and miR-4521 are indeed tsRNAs and that tsRNAs are involved in cancer pathogenesis.
Results
Short RNAs 3676 and 4521 Are tsRNAs Interacting with Piwi Proteins.
Because short RNAs 3676 and 4521 are associated with tRNA sequences (Fig. 1B) , we investigated whether the region containing miR-4521 and miR-3676 expresses tsRNAs or microRNAs. We Significance Chronic lymphocytic leukemia (CLL) is the most common human leukemia. We identified two members of the tRNA-derived small RNA (tsRNA) family, ts-3676 and ts-4521, both inactivated in CLL and lung cancer. We further analyzed expression of 120 tsRNAs and found that tsRNAs are dysregulated in CLL and lung cancer. Thus this study uncovers the involvement of this recently identified class of small, non-coding RNAs in hematopoietic malignancies and solid tumors.
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Reviewers: J.D.M., University of Texas Southwestern Medical Center; and P.N.T., Tufts Medical Center. performed a Northern blot experiment using HEK-293 cells transfected with vectors containing the genomic segment including tRNA-Ser and miR-4521. In the experiment to detect ts-4521, we observed that the band of the exogenous miR-4521 was higher than the band of the miR-4521 commercially purchased from Ambion ( Fig. 2A) . The difference is compatible with the expected size of a small RNA starting exactly at the 3′ end of the tRNA and ending at the stretch of four Ts located exactly after the predicted sequence of the microRNA (Fig. 2B) . Indeed, the stop signal for the RNA pol III is represented by a stretch of four Ts (20) . Therefore, the four Ts located immediately after the end of the predicted miR-4521 also represent the end of ts-4521. We then were able to design a set of probes to detect a difference in the hybridization pattern of the ts-4521 precursor molecule and the miR-4521 precursor molecule. Thus, we designed two probes, one complementary to the mature sequence of miR-4521, which is shared by pre-miR-4521 and pre-ts-4521 (shown in red in Fig. 2B ), and another starting four bases before within the stretch of four Ts and complementary only to premiR-4521 (shown in green in Fig. 2B ). As expected, the first probe detected the miR-4521/ts-4521 signal. The second probe failed to produce a signal (Fig. 2C) , confirming that this region expresses a tsRNA. This result indicates that the transcription of pre-miR-4521 ends at the four T nucleotides (shown in blue in Fig. 2B ), that the last 33 bases of pre-miR-4521 are not transcribed, and therefore miR-4521 cannot be produced, suggesting that miR-4521 is a tsRNA. In the experiment to detect ts-3676, the band of the exogenous miR-3676 is very similar in size to the band of commercially bought miR-3676 (6). In this case, the expected size of a small RNA starting exactly at 3′ end of the tRNA is very similar to the predicted sequence of the microRNA because the stretch of four Ts exactly matches the end of the microRNA sequence (Fig. 2B) . Therefore, it was not possible to determine a difference in a hybridization pattern as easily as for ts-4521. Nevertheless, we were able to design two 18-bp probes to detect a difference in the hybridization pattern between the predicted precursor of the ts-3676 and the predicted precursor of the corresponding microRNA (as we did with ts-4521). In the first probe (the tsRNA/miR-probe), all 18 bases covered the sequences shared between pre-microRNA and pre-tsRNA and included the whole mature sequence (which is the same for miR-3676 and ts-3676). In the second probe (the miR-probe) only 12 of the 18 bases covered the region shared by the microRNA and the tsRNA precursors (represented by a part of the mature product); the remaining 6 bases are complementary only to the microRNA precursor (Fig. 2B) . We expected no signal (or a much weaker signal) when using the second probe if this region expressed a tsRNA. As shown in Fig. 2D , we obtained no signal from the probe designed to detect the microRNA precursor, but the probe designed on shared regions did show a signal, confirming that this region produces a tsRNA. These data suggest that both miR-3676 and miR-4521 are indeed tsRNAs.
Because we previously demonstrated that ts-3676 can function as a microRNA by targeting the 3′ UTR of TCL1 (6), and tsRNAs are physically similar to piRNAs (both being singlestranded short RNAs containing no stem loop structures), we decided to investigate if the tsRNAs derived from this region can also function as piRNAs. Therefore, we performed an RNA immunoprecipitation experiment (RIP) and found an enrichment of ts-3676 and ts-4521 in the complexes containing tagged Piwi-like protein 2 (PiwiL2) (2.6-to 2.7-fold vs. controls), compared with the load of control microRNAs (mir-92 and miR-93) (Fig. 3) . In this experiment we also observed that protein complexes containing Argonaut proteins Ago1 and Ago2 are loaded with control microRNAs (miR-92 and miR-93, enriched 3-to 20-fold vs. controls), but complexes containing PiwiL2 are not, as expected for microRNAs. Instead, ts-3676 and ts-4521 were present in complexes containing Ago1 and Ago2 (enriched 5-to 12-fold vs. controls) and also in complexes containing PiwiL2 (enriched 2.6-to 2.7-fold vs. controls) (Fig. 3 ). This finding indicates that the miR-4521/3676 locus produces small RNAs, ts-3676 and ts-4521, that can act not only as microRNAs but also as piRNAs by interacting with PiwiL2.
Ts-3676 and ts-4521 Are Down-Regulated and Mutated in Cancer. We previously reported that ts-3676 (then described as "miR-3676") is down-regulated and mutated in CLL (6) . We then studied the expression levels of miR-4521 in CLL compared with CD19 + B-cells isolated from peripheral blood mononuclear cells (PBMCs) and cord blood using a set of samples subgrouped by their karyotype [the same set was used to study miR-3676 (6)]. The set included 28 samples with 11q deletions, nine samples with 17p deletions, 11 samples with 13q deletions, and 15 samples with a normal karyotype for a total of 63 CLL samples (6) . The realtime RT-PCR data are shown in Fig. 4A and Fig. S1 . Ts-4521 expression was statistically significantly down-regulated in CLLs of all karyotypes (three-to eightfold compared with CD19 + B-cells in ∼80% of cases) (Fig. 4A) . As we expected, the lowest expression levels of ts-4521 were observed in the 17p-deleted CLLs (these samples contain only one allele of ts-4521) (Fig. 4) . Interestingly, ts-4521 showed an expression pattern almost identical to that of ts-3676 in CLL (Fig. S2) . To investigate the status of ts-3676 and ts-4521 in lung cancer, we used 17 paired lung cancer samples and matched normal lung tissues. Using real-time RT-PCR, we determined that ts-3676 and ts-4521 are drastically down-regulated in lung cancer samples vs. matched normal lung tissues (Fig. 4 B and C) . To determine if ts-3676 and ts-4521 are mutated in lung cancer, we sequenced 300 lung cancer samples. We found six different mutations in six lung cancer samples (∼2%) within in the ts-3676/ts-4521 locus. Three mutations found were germline (50% means that one allele was mutated and one allele was WT), two mutations were somatic [in one case, NYU-1008T, the mutation was identical to a known rare SNP (Rs 368503695) but was not found in PBMCs of the same patient], and in one case PBMCs were not available (Table S1 ). To determine if tsRNAs can function as tumor suppressors, we carried out a colony assay experiment in H1299 and A549 lung cancer cell lines transfected with ts-3676 or empty vector (Fig. S3) . Expression of ts-3676 resulted in a several-fold decrease in colony formation in H1299 and A549 cells, indicating that ts-3676 can function as a tumor suppressor. TsRNAs Are Dysregulated in Cancer. Because we determined that ts-3676 and ts-4521 are inactivated in samples from CLL and lung cancer, we investigated whether other tsRNAs can be up-or down-regulated in cancer. We first created a list of all tsRNAs by retrieving all tRNA sequences (including tRNAs themselves and following unique sequences ending with a four-T termination signal) and isolated unique sequences starting from the 3′ end of tRNAs and ending with the four-T termination signal. We selected only sequences of 16 bp or longer, because shorter sequences cannot easily be detected by microarray or real-time PCR (Table S2) . We identified 120 potential tsRNA sequences and designed a microarray chip to study the expression of these tsRNAs in normal and tumor tissues. The chip was designed exactly as previously described for microRNAs (21) . To confirm the specificity of our chip, we transfected HEK-293 cells with a vector containing tRNA-ser/ts-4521 or tRNA-Thr/ts-3676 (in pEGFP-N1). Fig. S4 shows the overexpression of ts-3676 and ts-4521 in corresponding hybridization spots of the chip. Thus these results suggest that this microarray chip displays good specificity and sensitivity to detect tsRNAs in human samples. To determine if tsRNAs are dysregulated in CLL, we selected 23 RNA samples from 11 patients with indolent CLL and 12 patients with aggressive CLL and from CD19 + B cells of eight healthy donors (Table S3 ) and carried out the tsRNA microarray experiment. We found that nine tsRNAs are differentially expressed in aggressive CLL vs. normal CD19 + B cells (Fig. 5A) . We found that 15 tsRNAs are significantly differentially expressed in indolent CLL vs. aggressive CLL (Fig. 5B) and that 10 tsRNAs are differentially expressed in indolent CLL vs. normal CD19 + B cells (Fig. 5C ). To determine if tsRNAs are dysregulated in lung cancer, we used seven lung cancer samples and five normal adjacent lung tissue samples for microarray experiments and identified six tsRNAs differentially expressed in lung cancer vs. normal lung tissue (Fig. 5D) . Interestingly, ts-46 and ts-47 were strongly down-regulated in aggressive CLL samples vs. normal CD19 + B cells, and the same two tsRNAs were strongly downregulated in lung cancer samples vs. normal lung tissue (Fig. 5) , indicating that ts-46 and ts-47 are potential tumor suppressors.
Discussion
While studying the miR-4521/3676 cluster in CLL, we found that these two microRNAs are associated with tRNA sequences and represent a recently identified class of small, noncoding RNAs, tsRNAs. Thus, to our knowledge we identified the first two tsRNAs (produced from the 3′ end of pre-tRNAs) involved in cancer. Our data established that ts-3676 and ts-4521 are involved in CLL. Similarly to miR-15/16, the first two microRNAs found altered in cancer and deleted in 13q-CLL cases (3), ts-3676 and ts-4521 are deleted in 17p-CLL cases (6) . While miR-15/16 target BCL2, a critical oncogene in CLL (5), ts-3676 targets TCL1, another critical oncogene in CLL (6, 22, 23) . In addition to their being down-regulated, we found that ts-3676 and ts-4521 are mutated in low percentage of lung cancer cases (∼2%). Most of the mutations were germline and possibly could represent unknown rare polymorphisms. Their functional significance needs to be elucidated further. TsRNAs are involved in gene-expression regulation via 3′ UTR targeting of mRNAs. This microRNA-like mechanism was reported in 2013 by Maute et al. (18) . In that study, the tsRNA CU1276 was reported to associate with all four human Argonaute proteins and to function as a microRNA. Indeed, CU1276 was shown to repress endogenous genes and was found to be down-regulated in lymphoma cell lines and primary biopsies. However, this tsRNA, is derived from a mature tRNA sequence, is not a unique sequence, and belongs to a different class of tRNA-derived fragments. The data presented here combined with our previous report (6) indicate that tsRNAs derived from the 3′ ends of pre-tRNAs can function as microRNAs (i.e., ts-3676 targets TCL1 expression). On the other hand, tsRNAs do not share the biogenesis mechanism that defines microRNAs but instead are single-stranded RNAs, as are piRNAs. piRNAs interact with Piwi proteins and appear to function in concert with DNA methyltransferases to affect methylation of genes, suggesting that Piwi/piRNA complexes are global regulators of the DNA N1  T1  N2  T2  N3  T3  N4  T4  N5  T5  N7  T7  N9  T9  N10  T10  N11  T11  N13  T13  N14  T14  N15  T15  N16  T16  N17  T17  N18  T18  N19  T19 P=0.0028
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Ts-3676 methylation state and possibly provide sequence specificity for DNA methylation (14, 15) . Because of the similarity of tsRNAs to piRNAs, we hypothesized and then proved that these molecules can interact with Piwi proteins (24) . Interestingly, in a recent report, the Tetrahymena Piwi protein Twi12, essential for growth, was found to be loaded with mature tRNA fragments (25) . Very recently Zhang et al. (26) reported that a small RNA derived from the 5′ end of tRNA can interact PiwiL2 and PiwiL4 (in that case enrichment was three-to fourfold, vs. the 2.7-fold enrichment we found here). Thus, it is possible that tsRNAs can function as a sequence template for site-specific methylation.
As mentioned above, in this report we studied tsRNAs produced from the 3′ ends of pre-tRNAs by endonuclease RNase Z representing unique sequences starting exactly at the 3′ ends of tRNAs and ending at the sequence of four consecutive T nucleotides. Other tRNA-derived small RNAs are produced from mature tRNA sequences and are not unique sequences (16) . Although these other small RNAs also may have a role in cancer, it is technically difficult to study their expression and regulation as a class, because the genomic location from which these molecules came is not clear. On the other hand, our microarray experiments showed that tsRNAs derived from 3′ ends of pre-tRNAs can be studied as a class and may have oncogenic or tumorsuppressor function in cancer.
Methods
CLL Samples. The study was carried out in accordance with the protocol approved by the Institutional Review Board of the Ohio State University. The set of CLL samples used in sequencing and real-time RT-PCR were obtained from 63 CLL patients enrolled in the CLL Research Consortium (CRC), who provided written informed consent. Samples were subgrouped according to their karyotype: 28 11q-deleted samples, nine 17p-deleted samples, 11 13q-deleted samples, and 15 samples from CLL patients with a normal karyotype. CLL samples were predominantly (>95%) composed of CD5
An additional 23 samples from patients enrolled in the CRC were used for tsRNA microarray hybridization. Samples were selected according to their clinical and molecular features as following: 11 samples from patients with clinically indolent disease, mutated IgV H , and low ZAP-70 expression and 12 samples from patients with a clinically aggressive disease, unmutated IgV H , and high ZAP-70 expression. DNA was extracted with the DNeasy Blood & Tissue Kit (Qiagen). RNA was extracted using standard TRIzol (Invitrogen) methods. The quality of the RNAs of each sample was analyzed on the Agilent 2100 Bioanalyzer.
We also used 17 samples from patients with nonsmall cell carcinoma of the lung and matched normal lung tissues for real-time PCR and 300 lung cancer samples for sequencing of ts-3676 and ts-4521. These samples were provided by Harvey Pass, Langone Medical Center of New York University, New York.
Sequencing, Real-Time RT-PCR. Mutations in the region containing ts-4521 and ts-3676 were determined by PCR amplification and sequencing. The mutation rate was evaluated by inspection of fluorescent peak trace chromatograms. For amplification, we used CG-rich high-fidelity advantage 2× polymerase master mix (Clontech) with the primer sequences 4521-F: AGTTCTAGACCTCTCAGCAG and 4521-R: GACAGTACTGGCAAGTACAG. PCR products were purified using ExoSAP-IT (USB) and sequenced. Ts-4521 and tsR-3676 expression was assayed by real-time RT-PCR using Taqman Micro-RNA assays hsa-miR-4521 (assay ID 465004_mat, catalog no. 4427975) and hsa-miR-3676-3p (assay ID 464747_mat, catalog no. 4427975), according to the manufacturer's protocol (Thermo Fisher Scientific) and were normalized using RNU6B (assay ID 001093, catalog no. 4427975; Thermo Fisher Scientific). Additional Taqman MicroRNA assays used were has-miR-92a (assay ID: 000431, catalog no. 4427975) and has-miR-93 (assay ID: 000432, catalog no. 4427975).
DNA Constructs. pCDH-3676/4521 were described previously (6) . To improve ts-3676 and ts-4521 expression, the fragments containing either tRNA8-ThrAGT and ts-3676 or tRNA8-SerGCT and ts-4521 were subcloned upstream of the EGFP gene of the pEGFP-N1 vector (Clontech), obtaining the expression vectors pEGFP-3676 and pEGFP-4521,respectively. For pMAX-piwiL2, pMAX-ago1, and pMAX-ago2, the ORFs of PiwiL2, Ago1, and Ago2 were subcloned in pcDNA4/HisMax (Invitrogen) vector from pCMV6-Entry-mycDDK tagged TrueORF gold expression vector purchased from OriGene [stock-keeping unit (SKU) nos. RC205464, RC209163, andRC218078, respectively].
Northern Blot Analysis. HEK-293 cells were transfected in T25 flasks with 3 μg of pCDH-4521, pCDH-3676, or pCDH empty vector. Northern Blot analysis was carried out as previously described (6) . Probe sequences were CTGAG-CACAGGACTTCCTTAGC for the tsRNA/miR-4521 precursor; TTTGATGCTA-CAAAACTGAG for the miR-4521 precursor; AGCGTGGGGGAAACACGG for the tsRNA/miR-3676 precursor; and TTGGCAAAAGCGTGGGGG for the miR-3676 precursor. (Fig. 3 ). RNAs were extracted from all immunoprecipitations and inputs according to specifications provided by the kit manufacturer, checked for quality on a BioAnalyzer platform (Agilent), and tested for enrichment of ts-RNA-3676, ts-4521, control miR-92a, and control miR-93 by using real-time PCR techniques. Ten microliters of each input from RIP lysate and 50 μL of each bead suspension after immunoprecipitation were analyzed by Western blot to assess the expression of Ago1-, Ago2-, and PiwiL2-tagged proteins with Omniprobe (anti-max) mouse monoclonal antibody (sc-7270; Santa Cruz). Western Blot analysis was carried out using standard protocols.
tsRNA Microarray Chip Design and Hybridization. The tsRNA microarray chip was fabricated as previously described for microRNAs (21) . A pilot experiment was performed to assess the specificity of the array by hybridization of 5 μg of total RNA extracted from HEK-293 cells previously transfected with either pEGFP-3676 or pEGFP-4521. Hybridizations were performed by following standard protocols on a Tecan HS4800 hybridization station and were scanned. Microarray images were analyzed using GenePix Pro Software. Then 5 μg of RNA extracted from 23 CLL samples (11 indolent and 12 aggressive cancers) and from eight CD19 + B-cell controls were hybridized following the same protocol.
Statistical Analysis. Sequences were downloaded from the University of California, Santa Cruz, table browser by extracting 50-nt sequences from the 3′ end of tRNA genes as provided by track "tRNA Genes" of group "Genes and Gene Predictions" for human genome assembly GRCh37/hg19. From these 50-nt sequences we selected those that displayed at least one instance of the pattern "TTTT" and considered as tsRNA the subsequence from the first nucleotide at the 5′ end to the third T of the first "TTTT" pattern, for a total of 120 tsRNA sequences (of which seven had dual copies). The extracted tsRNA sequence set thus is comprised of sequences whose length ranges from a minimum of 16 nt to a maximum of 48 nt. Finally, tsRNA sequences that were not at least 23 nt in length were extended by 4 nt at their 5′ end and by 5 nt at their 3′ end to allow the design of an appropriate probe sequence of sufficient length for the custom microarray. Custom tsRNA microarray data were analyzed by applying normexp negative background correction, quantile data normalization, and moderated t-statistics for differential expression analysis calculated using the Linear Models for Microarray Data (LIMMA) package from the Bioconductor R project (27) . P values were adjusted for multiple testing using the Benjamini and Hochberg method to control the false discovery rate (28) . All transcripts differentially expressed with a P value <0.05 were considered statistically significant.
